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A variety of mechanisms have been proposed for detecting inorganic ions using magnetic resonance imaging (MRI) contrast agents. In the most widely explored approach, analyte binding to a paramagnetic metal chelate withdraws ligand(s), increasing the number (q) of inner sphere sites available for water coordination at the paramagnetic center. As a consequence, the longitudinal relaxivity (r 1 ) of protons on exchangeable solvent molecules in the complex is similarly increased. [1] Here we introduce a qualitatively new strategy, in which the analyte completely releases the paramagnetic ion from a polydentate chelating ligand to form the aqua (aq) complex, which serves as an efficient MRI contrast agent with sharply different characteristics from the chelate. In this facile and flexible approach, changes in r 1 can be tuned by the choice of the metal chelate complex (Fig. 1a) . Measurement of the effect by MRI can then be used to determine the analyte concentration with spatiotemporal resolution.
We tested the applicability of the paramagnetic metal displacement strategy to sense calcium ions by MRI. We chose the relatively labile manganese(II) ion as the paramagnetic reporter because aqueous Mn 2+ is widely used as a T 1 contrast agent for in vivo neuroimaging in animals. [2] Manganese complexes were assembled with ethylene glycol bis(β-aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA), 1,2-bis(o-aminophenoxy)ethane-N,N,N ′,N′-tetraacetic acid (BAPTA), and calmodulin (CaM), all well-studied metal-binding molecules with selective affinity for Ca 2+ ions. Structures of Mn 2+ associated with EGTA [3] and with a protein domain closely related to the four calcium-binding regions of CaM [4] The structure and nuclear magnetic relaxation properties of Mn 4 CaM have not been previously studied, but inner sphere contributions to r 1 of the CaM complex can be estimated, in conjunction with experimentally justified values for τ M and τ R (see Supporting Information). The modeling studies indicate that the T 1 relaxivity per bound water (r 1 /q) for Mn 4 CaM is approximately tenfold higher than for Mn 2+ (aq). Both a short τ M , as generally reported for q ≠ 0 Mn 2+ complexes, [5] and long τ R for Mn 4 CaM probably account for its strong relaxation effects, and counterbalance its reduced q, compared to Mn 2+ (aq). The shape of the CaM titration curve thus reflects multiple determinants of r 1 , in addition to contributions of Mn 2+ / Ca 2+ exchange at all of the four protein metal-binding sites. The CaM titration data were well approximated (r = 0.98) by a monophasic binding curve with a Hill coefficient of 0.8, suggesting that metal substitution at each site was approximately independent and identical.
To explore the analyte selectivity, we measured relaxivity changes of Mn 2+ complexes in the presence of diamagnetic competitor ions. Excesses of Zn 2+ , Mg 2+ , or K + (each 1 mM) were added to 100 μM Mn 2+ in stoichiometric mixtures with metal-binding sites in EGTA, BAPTA, or CaM. As predicted by reported affinity constants [7, 8] These results indicate that the Mn 2+ displacement mechanism for measuring Ca 2+ or other ion concentrations by MRI provides strong contrast changes and could be useful for applications in solution, as well as in relatively simple naturalistic environments where few extraneous metal ligands are present. [12] A particular strength of the approach is the potential for ratiometric measurements. An obvious limitation in complex contexts is the possibility that paramagnetic metal ions, once released from the chelators, might diffuse away or be sequestered by binding partners unassociated with a sensing mechanism. This problem could be particularly serious where reversible or dynamic measurements are desired. A possible solution would be to use steady-state infusion or dialysis methods to maintain the concentration of paramagnetic complexes to a fixed level, ensuring that any analyte-induced metal dissociation and MRI contrast changes are reversed over time. In cases where the displaced paramagnetic ion is relatively nontoxic, these approaches might conceivably be applied in live animals. We note that the sensitivity range of the complexes studied here is ideally suited to detecting millimolar calcium concentrations present in biological fluids and extracellular compartments like the cerebral interstitium. [13] In the future, extensions of the paramagnetic metal displacement mechanism might include sensing of other ions, such as Zn 2+ or Mg 2+ , or design of novel paramagnetic ion/chelator pairs, for example based on engineered CaM variants, with improved selectivity and sensitivity for detecting analytes by MRI.
Experimental Section
EGTA and BAPTA complexes were assembled from commercially available compounds. CaM was purified from recombinant bacteria. MRI data were acquired on an Avance 4.7 T scanner. Data processing and relaxivity modelling were performed using Matlab. Detailed protocols are available as Supporting Information.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Mechanism of MRI calcium sensors based on displacement of Mn 2+ from chelated complexes. a) Upon addition of excess Ca 2+ , Mn 2+ ions are released from ligand molecules (L) including EGTA, BAPTA, and calmodulin (CaM). Dissociated Mn 2+ ions have higher q, lower τ R , and, for L = CaM, higher τ M , than chelated manganese, all factors that influence longitudinal relaxivity. b) In complex with EGTA, Mn 2+ (purple) is octacoordinate with q = 0. [3] c) The crystal structure of Mn 2+ in complex with a canonical calcium binding site, loop 2 of calbindin, [4] shows two bound waters (W1 and W2); this binding loop has 71% sequence identity to the corresponding seven residues in the first EF hand of CaM, suggesting that Mn 2+ ions in complex with CaM may similarly exhibit q = 2. 
